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Introduction {#sec001}
============

Protein S-glutathionylation is a ubiquitous and reversible oxidative modification that controls protein function in response to changes in redox buffering capacity. In the cytosol, glutaredoxin-1 (GRX1) is the principle enzyme that mediates these reactions and is required to modulate a variety of cell programs ranging from gene expression to apoptosis \[[@pone.0192801.ref001],[@pone.0192801.ref002]\]. Protein S-glutathionylation is also required to control various mitochondrial functions including oxidative phosphorylation and ROS release \[[@pone.0192801.ref003]\]. Complex I of the respiratory chain was identified as the first S-glutathionylation site in mitochondria \[[@pone.0192801.ref004],[@pone.0192801.ref005]\]. Protein S-glutathionylation of complex I occurs at several sites including NDUFS1 and NDUFV1, subunits required for NADH oxidation and electron transfer to the ubiquinone binding site \[[@pone.0192801.ref005],[@pone.0192801.ref006]\]. Complex I was also identified as the first site of action for GRX2, the matrix-bound isozyme for GRX1 \[[@pone.0192801.ref007]\]. GRX2 catalyzes the reversible S-glutathionylation of complex I in response to changes in glutathione buffering capacity, controlling its activity and the rate of ROS release \[[@pone.0192801.ref007],[@pone.0192801.ref008]\]. Pyruvate dehydrogenase complex (PDHC) and α-ketoglutarate dehydrogenase complex (KGDHC), two important entry points for carbon into the Krebs cycle and sources of mitochondrial ROS, are also modulated by protein S-glutathionylation \[[@pone.0192801.ref009],[@pone.0192801.ref010]\]. Evidence collected in several recent studies also indicates PDHC and KGDHC are targeted by GRX2 which lowers ROS release from both complexes following S-glutathionylation \[[@pone.0192801.ref009],[@pone.0192801.ref011]\].

Protein S-glutathionylation is required to modulate several physiological functions ranging from heart contraction to eyesight \[[@pone.0192801.ref005],[@pone.0192801.ref008]\]. Skeletal muscle contraction and metabolism have also been found to be modulated by protein S-glutathionylation \[[@pone.0192801.ref012]\]. For instance, ryanodine receptor-1 (RyR~1~), sarco/endoplasmic reticulum Ca^2+^ ATPase (SERCA), and Na^+^/K^+^ ATPase, transporters vital for muscle contraction and relaxation, are targets for protein S-glutathionylation \[[@pone.0192801.ref013],[@pone.0192801.ref014]\]. In addition, various muscle contractile proteins, like troponin C and titin, are targets for S-glutathionylation \[[@pone.0192801.ref014],[@pone.0192801.ref015]\]. Overall, redox signals conveyed through changes in antioxidant buffering capacity are required for muscle growth, fitness, and regulation of contraction/relaxation \[[@pone.0192801.ref016]\]. Skeletal muscle mitochondria are also important targets for regulation by protein S-glutathionylation. Most of the studies with muscle mitochondria have focused on understanding the relationship between S-glutathionylation and proton leaks. It was found that chemical induction of S-glutathionylation deactivates proton leaks in an uncoupling protein-3 (UCP3)-dependent manner \[[@pone.0192801.ref017]\]. Intriguingly, elimination of the *Grx2* gene maintained UCP3 in a deglutathionylated state increasing proton leaks and mitochondrial respiration \[[@pone.0192801.ref018]\].

ROS release from mitochondria has a bi-functional relationship with muscle tissue. Low-grade ROS release from mitochondria has been found to be beneficial for muscle growth and adaptation to exercise whereas over-production correlates with contractile dysfunction and the development of insulin resistance and obesity \[[@pone.0192801.ref019]--[@pone.0192801.ref021]\]. Thus, in order to benefit from the secondary signaling properties of ROS whilst avoiding oxidative distress, it is likely that skeletal muscle mitochondria invoke regulatory mechanisms to control how much O~2~^●-^/H~2~O~2~ is released. Here, we examined if the chemical induction of protein S-glutathionylation could alter O~2~^●-^/H~2~O~2~ release from isolated muscle mitochondria. Overall, our results demonstrate that protein S-glutathionylation can alter O~2~^●-^/H~2~O~2~ release from isolated muscle mitochondria through complex I modification or inhibition of the uptake of certain oxidizable substrates (*e*.*g*. pyruvate). The implications of these findings in understanding the regulation of mitochondrial ROS signaling in muscle are discussed further below.

Experimental {#sec002}
============

Chemicals {#sec003}
---------

Diamide, disulfiram (Dis), NAD+, thiamine pyrophosphate (TPP), coenzyme A (CoASH), superoxide dismutase (SOD), horseradish peroxidase (HRP), HEPES, EGTA, Triton X-100, MgCl~2~, ATP, subtilisin A, Bradford reagent, pyruvate, 2-oxoglutarate, succinate, palmitoyl-carnitine, carnitine, ADP, oligomycin, antimycin A, malate and fatty acid free bovine serum albumin (BSA) were purchased from Sigma. Amplex Ultra Red (AUR) was purchased from Invitrogen. ^14^C-pyruvate and ^3^H-carnitine were purchased from PerkinElmer. Ecolume scintillation fluid was purchased from Fisher.

Skeletal muscle mitochondria isolation {#sec004}
--------------------------------------

Memorial University's Animal Care and Use Committee approved all animal experiments. Male C57Bl/6N mice were purchased from Charles River Laboratories at 8 weeks of age. At 10 weeks of age, mice were heavily anesthetized under isoflurane and euthanized by cerebral dislocation. All tissue extraction and mitochondrial isolation procedures were completed on ice or at 4°C. The forelimb, hindlimb, and pectoral muscles were excised and placed in basic medium (BM; 140 mM KCl, 20 mM HEPES, 5 mM MgCl~2~, 1 mM EGTA, pH 7.0). Connective tissue and fat were removed and the muscle tissue was dried and weighed. Samples were then minced on a Teflon plate and placed in a tissue homogenizer containing 30 mL of homogenizing medium (HM; BM containing 1 mM ATP, 1% BSA and 1 U subtilisin A). Tissue was homogenized using the Potter-Elvejham method. The homogenate was then centrifuged at 800 xg for 9 minutes. The supernatant was collected and centrifuged at 12000 xg for 9 minutes. The liquid was decanted and the pellet was resuspended in 1 mL of BM and incubated on ice for 5 minutes to promote the repolymerization of myofibers. Twenty-five milliliters of BM were then added to each tube and the samples centrifuged at 800 xg for 9 minutes. The supernatant was collected and centrifuged at 12000 xg for 9 minutes. The final mitochondria pellet was then resuspended in 200 μL of BM. Protein concentration was quantified using a Bradford assay using BSA as the standard. For experiments with permeabilized mitochondria, samples were diluted to 1.5 mg/mL in BM containing 0.5% v/v Triton X-100 and incubated on ice for 30 minutes \[[@pone.0192801.ref009]\].

Amplex Ultra Red assay {#sec005}
----------------------

O~2~^•-^/ H~2~O~2~ emission was measured using the AUR assay. To test the effect of protein S-glutathionylation on ROS release, permeabilized or intact mitochondria were first diluted in individual wells to a final concentration of 0.15 mg/mL and incubated in BM containing diamide (0 or 1000 μM) or disulfiram (0--500 μM), two documented chemical S-glutathionylation catalysts, at 25°C for 20 minutes \[[@pone.0192801.ref009],[@pone.0192801.ref022],[@pone.0192801.ref023]\]. SOD (25 U/mL), HRP (3 U/mL), and AUR (10 μM) were then added to each well followed by the addition of either pyruvate (50 μM), 2-oxoglutarate (50 μM), succinate (50 μM), or palmitoyl-carnitine (20 μM) to initiate the reaction. For experiments with intact mitochondria, malate (50 μM) was also added to reaction mixtures containing pyruvate or pre-loaded with carnitine (2 mM) for experiments with palmitoyl-carnitine. The final volume of each reaction was 200 μL. For experiments with permeabilized mitochondria, reaction mixtures were also supplemented with NAD+ (1 mM), TPP (0.3 mM), and CoASH (0.1 mM). In intact mitochondria oxidizing palmitoyl-carnitine, mitochondria were pre-incubated with carnitine (2 mM) for 5 minutes before exposure to diamide or disulfiram. O~2~^•-^/ H~2~O~2~ production was monitored using a spectra max plate reader (from Molecular Devices) and Softmax Pro software (version 5.4.6) which measured the H~2~O~2~ dependent conversion of AUR to fluorescent resorufin. Fluorescence was measured at an excitation: emission of 565:600 nm.

Mitochondrial respiration {#sec006}
-------------------------

The different states of mitochondrial respiration were monitored using an Oxytherm electrode system (Hansatech). Mitochondria were incubated in disulfiram (0--500 μM) for 15 minutes and then diluted to 0.2 mg/ml in the reaction chamber containing BM supplemented with KH~2~PO~4~ (10 mM), MgCl~2~ (5 mM), and 0.1% w/v delipidated BSA. Mitochondria were allowed to equilibrate until a stable O~2~ baseline was reached and then reactions were initiated by the addition of either pyruvate (10 mM)/malate (2 mM), succinate (5mM) or palmitoyl carnitine (50 μM) to induce state 2 respiratory conditions. Note that for experiments with palmitoyl-carnitine, mitochondria were pre-incubated in the reaction chamber with carnitine (2 mM). After a few minutes, state 3 respiration (phosphorylating respiration) was stimulated by adding ADP (1 mM) followed by the induction of proton leak-dependent (state 4) respiration (oligomycin; 4 μg/ml). Oxygen consumption not associated with the respiratory chain was measured by adding antimycin A (4 μM). State 2--4 respiratory values were corrected for background O~2~ consumption (rates recorded following addition of antimycin A). Respiratory control ratio (RCR) values were calculated as the ratio of state 3 to state 4 respiration.

TMRE assays {#sec007}
-----------

Membrane potential changes in mitochondria treated with or without disulfiram were tracked using TMRE under non-quench mode conditions. Mitochondria were diluted to 0.15 mg/mL in BM supplemented with KH~2~PO~4~ (10 mM), MgCl~2~ (5 mM), and 0.1% w/v delipidated BSA in 96-welled black plates and then treated with or without disulfiram (0--500 μM) and incubated for 15 minutes at 25°C. Samples were then supplemented with pyruvate (50 μM) and malate (50 μM) and succinate (50 μM) to stimulate state 4 respiration. For some reactions, ADP (1 mM) was also added to stimulate state 3 respiration. Following the addition of the different substrates, TMRE was added to each well (10 nM) and fluorescent changes in membrane potential were tracked at ex:em of 549 nm:575 nm.

Solute import assays {#sec008}
--------------------

The uptake of pyruvate or carnitine by mitochondria was measured as described in \[[@pone.0192801.ref024]\]. Mitochondria were diluted to 0.2 mg/mL in BM containing succinate to polarize the mitochondrial inner membrane and then incubated in disulfiram (0μM, 100 μM, 200 μM or 500 μM) for 10 minutes at 25°C. Reaction mixtures were then supplemented with ^3^H-carnitine or ^14^C-pyruvate (100 μM final concentration) with 100 μM cold pyruvate or carnitine and incubated for 10 minutes at 25°C. Samples were then centrifuged at 10,000 xg for 10 minutes and the mitochondrial pellet was then washed thrice with ice-cold BM. The final mitochondrial pellet was resuspended in 100 μL BM and placed in scintillation vials containing 5 mL of Ecolume cocktail. Samples were allowed to settle for counted for 5 minutes on a liquid scintillation counter (Tri Carb 2810).

Protein S-glutathionylation adducts {#sec009}
-----------------------------------

Mitochondria were diluted to 3 mg/mL in BM containing 0 μM or 1000 μM diamide and pyruvate and malate (50 μM), 2-oxoglutarate (50 μM), succinate (50 μM), or palmitoyl-carnitine (50 μM) and incubated for 20 min at 25°C. Samples were diluted to 1.5 mg/mL in Laemmli buffer and heated for 10 min at 100°C. Samples were then electrophoresed under nonreducing conditions in a 10% isocratic acrylamide denaturing gel. Separated proteins were then electroblotted to nitrocellulose membranes. Successful transfer was confirmed by staining membranes with Ponceau S. Membranes were then cut laterally just above the 28 KDa molecular weight marker with a razor. The top part of the membrane was used to probe for protein glutathione mixed disulfide (PSSG) adducts and the bottom used as the loading control. Membranes were blocked for 1 hour at room temperature under constant agitation with tris-buffered saline (TBS) containing 0.1% (v/v) tween-20 (TBS-T) and 5% (w/v) non-fat skim milk (blocking solution). Membranes were then washed twice with TBS-T and probed overnight at 4°C under constant agitation with protein glutathione mixed disulfide (PSSG; 1/500 dilution, Santa Cruz) antiserum or MnSOD (loading control. 1/3000, Santa Cruz), diluted in TBS-T containing 5% (w/v) BSA and 0.02% (w/v) NaN~3~. Membranes were then washed twice with TBS-T and probed with goat anti-mouse (1/2000, Abcam) or anti-rabbit horseradish peroxidase conjugate (1/2000, Santa Cruz) diluted in blocking solution for 1 hour at room temperature. Bands were visualized using WestPico Super Signal Chemiluminescent substrate and ImageQuant LAS 4000.

Complex I immunocapture {#sec010}
-----------------------

Complex I was immunopurified using an immunocapture kit purchased from Mitosciences. Mitochondria were diluted to 5 mg/mL in phosphate buffered saline (PBS) containing 500 μM disulfiram in a final volume of one hundred microliters. Reaction mixtures devoid of disulfiram served as the control. Mitochondrial suspensions were then vortexed vigorously and incubated at 25°C for 20 minutes, mixing the reactions at 5-minute intervals. Complex I was then immunopurified according to the manufacturer's instructions (Mitosciences). Briefly, mitochondria were solubilized with 10 μL of extraction buffer and then incubated overnight in 10 μL of bead slurry at 4°C under constant gentle agitation. Beads were then washed three times with PBS and complex I was eluted using SDS elution buffer according to the manufacturer's instructions. The supernatant was then collected and stored at -80°C.

Samples were diluted in Laemmli Buffer and then heated at 100°C for 10 min. Note that samples were electrophoresed under nonreducing conditions unless specified otherwise---reducing electrophoresis required supplementing Laemmli buffer with 2% (v/v) β-mercaptoethanol, a reducing agent that reverses protein S-glutathionylation. Protein samples were then electrophoresed through a 10% isocratic denaturing acrylamide gel and then transferred to nitrocellulose membranes for immunoblot. Successful transfer of proteins was monitored by staining membranes with Ponceau S solution. Membranes were then quickly washed with Tris-buffered saline (TBS) containing 0.1% (v/v) tween-20 (TBS-T) and then blocked for 1 hour under constant agitation with TBS-T containing 5% (w/v) non-fat skim milk. Membranes were then washed three times with TBS-T and probed with anti-OXPHOS antibody cocktail (1/3000, Abcam), anti-NDUFS1 (1/3000, Abcam), or anti-protein glutathione mixed disulfide (PSSG; 1/500, Santa Cruz) diluted in TBS-T containing 5% (w/v) defatted BSA overnight at 4°C under constant agitation. Membranes were then washed three times with TBS-T and probed with goat anti-mouse horseradish peroxidase conjugate diluted in blocking solution (1/3000, Abcam). Bands were visualized as described above.

Data analysis {#sec011}
-------------

Amplex Ultra Red assays were performed 4 times and in duplicate. Polarographic measure of mitochondrial respiration was conducted 4 times and in duplicate. Immunocapture assays were conducted in triplicate. All results were analyzed using GraphPad Prism 6 software using a paired two-tailed Student T-Test or a 1-way ANOVA with a Tukey's posthoc test. \*; p ≤ 0.05, \*\* and \#\#; p ≤ 0.01, \*\*\*; p ≤ 0.001. \*\*\*\*; P ≤ 0.0001.

Results {#sec012}
=======

Disulfiram lowers ROS release from muscle mitochondria {#sec013}
------------------------------------------------------

Disulfiram contains reactive thiol groups that have been shown to induce the rapid and highly specific S-glutathionylation of protein cysteine thiols \[[@pone.0192801.ref025]\]. It was demonstrated in a recent study that disulfiram is approximately twenty times more effective than diamide at inducing the S-glutathionylation of mitochondrial proteins \[[@pone.0192801.ref009]\]. In addition, disulfiram is highly effective at limiting ROS release from PDHC and KGDHC, two potent sources of O~2~^●-^/H~2~O~2~ in liver mitochondria \[[@pone.0192801.ref009]\]. Therefore, we used disulfiram to assess the effect of S-glutathionylation on ROS release from skeletal mitochondria. The mechanism for disulfiram-induced protein S-glutathionylation is likely similar to the diamide-mediated conjugation of glutathione to a cysteine residue \[[@pone.0192801.ref026]\]. Disulfiram contains thiols which may react with a protein cysteine residue forming a mixed disulfide ([Fig 1A](#pone.0192801.g001){ref-type="fig"}) \[[@pone.0192801.ref025]\]. Reduced glutathione then displaces diethyldithiocarbamate (DETC) producing an S-glutathionylated protein.

![S-glutathionylation catalyst disulfiram inhibits ROS release from permeabilized skeletal muscle mitochondria.\
(A) A diagram depicting the chemical induction of protein S-glutathionylation by disulfiram. (B) Depiction of the entry point for electrons into the respiratory chain in mitochondria oxidizing different substrates. Dotted lines correspond to the direction of electron flow. Note that electrons from complex II and ETFQO (electron transfer flavoprotein-ubiquinone oxidoreductase) can flow backwards to complex I under state 4 respiratory conditions. Blue stars indicate sites for ROS release. O~2~^●-^/H~2~O~2~ release by permeabilized muscle mitochondria oxidizing 50 μM pyruvate, 2-oxoglutarate, succinate, or palmitoyl-carnitine was tracked for 5 minutes using Amplex UltraRed. n = 4, mean±SEM. (C) Permeabilized skeletal muscle mitochondria were treated for 20 min with disulfiram (100--500 μM) and then O~2~^●-^/H~2~O~2~ release was tracked using Amplex UltraRed. The final concentration of pyruvate, 2-oxoglutarate, succinate, or palmitoyl-carnitine was 50 μM. n = 4, mean±SEM.](pone.0192801.g001){#pone.0192801.g001}

The capacity of disulfiram to limit the rate of O~2~^●-^/H~2~O~2~ release was tested using different carbon substrates that feed electrons into different parts of the electron transport chain (ETC) ([Fig 1B](#pone.0192801.g001){ref-type="fig"}). Pyruvate and 2-oxoglutarate are oxidized by PDHC and KGDHC, respectively, and the resulting NADH is oxidized by complex I. Succinate and palmitoyl-carnitine donate electrons directly to the ubiquinone pool in the ETC via oxidation by complex II and electron-transfer flavoprotein:ubiquinone oxidoreductase (ETFQO), respectively. Notably, PDHC, KGDHC, complex II have been documented to be sites for high ROS release in muscle mitochondria whereas ETFQO is not a significant source \[[@pone.0192801.ref027]\]. Pyruvate, 2-oxoglutarate, and succinate, at a final concentration of 50 μM, induced a robust rate of O~2~^●-^/H~2~O~2~ production by permeabilized muscle mitochondria ([Fig 1B](#pone.0192801.g001){ref-type="fig"}). Palmitoyl-carnitine also induced O~2~^●-^/H~2~O~2~ production but the rate of ROS release was \~4-fold lower when compared to pyruvate, 2-oxoglutarate, or succinate. Next, we examined if disulfiram could impede ROS release from permeabilized mitochondria. It was found that at least 200 μM disulfiram was required to significantly decrease ROS release during pyruvate or 2-oxoglutarate oxidation ([Fig 1C](#pone.0192801.g001){ref-type="fig"}). In addition, 500 μM induced \~80% decrease in ROS release when pyruvate and 2-oxoglutarate was being metabolized. Disulfiram was more effective at limiting ROS release from permeabilized mitochondria when succinate and palmitoyl-carnitine served as substrates. Indeed, 100 μM disulfiram was sufficient to induce a significant decrease in ROS release during succinate oxidation ([Fig 1C](#pone.0192801.g001){ref-type="fig"}). In addition, maximal inhibition of O~2~^●-^/H~2~O~2~ production during succinate metabolism was obtained when mitochondria were incubated in 500 μM disulfiram (\~90% decrease in release). On the other hand, 100 μM disulfiram decreased ROS release by \~90% when palmitoyl-carnitine served as the substrate ([Fig 1C](#pone.0192801.g001){ref-type="fig"}).

The above results indicate that disulfiram is more effective at limiting O~2~^●-^/H~2~O~2~ production when the oxidizable carbon source bypasses the Krebs cycle and donates electrons directly to the respiratory chain. We decided to confirm these findings using diamide, a commonly used catalyst for S-glutathionylation. Diamide inhibited ROS release from permeabilized mitochondria oxidizing pyruvate and 2-oxoglutarate but only by \~40% ([Fig 2A](#pone.0192801.g002){ref-type="fig"}). Diamide also impeded O~2~^●-^/H~2~O~2~ production in mitochondria oxidizing succinate and palmitoyl-carnitine but by \~90% ([Fig 2A](#pone.0192801.g002){ref-type="fig"}). Assessment of the overall number of protein glutathione mixed disulfides revealed that the diamide induced decrease in ROS release correlated with increased mitochondrial protein S-glutathionylation ([Fig 2B](#pone.0192801.g002){ref-type="fig"}). Overall, these results demonstrate that induction of protein S-glutathionylation can decrease ROS release from permeabilized mitochondria.

![S-glutathionylation catalyst diamide also decreases ROS release from permeabilized skeletal muscle mitochondria.\
(A) Mitochondria were incubated in diamide (1000 μM) for 20 min and then O~2~^●-^/H~2~O~2~ release was tracked using Amplex UltraRed. The final concentration of pyruvate, 2-oxoglutarate, succinate, or palmitoyl-carnitine was 50 μM. n = 4, mean±SEM. (B) The decrease in mitochondrial ROS release correlates with an increase in overall protein S-glutathionylation. Protein S-glutathionylation was induced with 1000 μM diamide. PSSG levels were assessed in mitochondria incubated in; pyruvate and malate alone (lane 1), pyruvate and malate with diamide (lane 2), 2-oxoglutarate with diamide (lane 3), succinate with diamide (lane 4), and palmitoyl-carnitine with diamide (lane 5). Changes in PSSG levels were assessed by immunoblot. MnSOD served as the loading control.](pone.0192801.g002){#pone.0192801.g002}

Disulfiram also inhibits ROS release from intact muscle mitochondria {#sec014}
--------------------------------------------------------------------

Use of permeabilized mitochondria to study ROS release has the advantage of eliminating the proton gradient, a factor that can interfere with quantifying O~2~^●-^/H~2~O~2~ production rates from different sites of formation. Nonetheless, under physiological conditions, membrane potential strength can influence ROS release from mitochondria *in vivo*. Therefore, we examined the effect of ROS release from intact mitochondria operating under state 4 respiratory conditions. Under these conditions, disulfiram had a similar effect on ROS release in mitochondria oxidizing pyruvate, succinate, or palmitoyl-carnitine ([Fig 3A](#pone.0192801.g003){ref-type="fig"}). In mitochondria oxidizing pyruvate, 100 μM disulfiram decreased ROS release by almost 50%. Higher disulfiram concentrations (200 μM and 500 μM) had a stronger effect on O~2~^●-^/H~2~O~2~ production, inhibiting ROS release by \~75% ([Fig 3A](#pone.0192801.g003){ref-type="fig"}). Similar results were collected with both succinate and palmitoyl-carnitine. Indeed, 100 μM disulfiram was sufficient to inhibit ROS release by \~50% in mitochondria oxidizing succinate or palmitoyl-carnitine ([Fig 3A](#pone.0192801.g003){ref-type="fig"}).

![Disulfiram decreases ROS release from skeletal muscle mitochondria with an intact mitochondrial inner membrane.\
Mitochondria were treated with disulfiram (100--500 μM) for 20 min and then O~2~^●-^/H~2~O~2~ release was tracked using Amplex UltraRed. The final concentration of pyruvate, succinate, or palmitoyl-carnitine was 50 μM. For experiments with pyruvate, malate was also included in the reaction mixture at a final concentration of 50 μM. In palmitoyl-carnitine expeirments, mitochondria were pre-incubated in basic medium containing 2 mM carnitine.](pone.0192801.g003){#pone.0192801.g003}

Next, we decided to test if the disulfiram effect could be reversed with a reducing agent. Dithiothreitol (DTT) is a documented to deglutathionylation agent but it has been recently shown that it can stimulate high rates of ROS release by PDHC or KGDHC or intact mitochondria in the absence of substrate \[[@pone.0192801.ref028]\]. Since we were interested in using DTT to ascertain if we could reverse the disulfiram-mediated suppression of ROS release, we first tested if washing mitochondria after a DTT treatment could prevent it from auto-stimulating mitochondrial O~2~^●-^/H~2~O~2~ production. [Fig 4A](#pone.0192801.g004){ref-type="fig"} demonstrates that DTT was able to induce a robust increase in mitochondrial ROS production in the absence of substrate. However, successive washes significantly reduced DTT-stimulated mitochondrial O~2~^●-^/H~2~O~2~ formation. Subjecting mitochondria to one wash with basic medium lowered ROS release by \~50% ([Fig 4A](#pone.0192801.g004){ref-type="fig"}). Washing mitochondria, a second time, decreased resorufin fluorescence by \~84%. Subjecting mitochondria to a third wash almost completely abolished ROS release (decreased by \~93%) ([Fig 4A](#pone.0192801.g004){ref-type="fig"}). Mitochondria treated with 500 μM disulfiram displayed a significant decrease in ROS release, regardless of substrate. However, incubation of disulfiram-treated mitochondria with DTT (2 mM) followed by three successive washes reversed this effect, recovering the rate of O~2~^●-^/H~2~O~2~ production ([Fig 4B](#pone.0192801.g004){ref-type="fig"}). Moreover, DTT was able to recover ROS release in mitochondria oxidizing pyruvate, succinate, or palimtoyl-carnitine.

![Deglutathionylation agent, DTT, restores ROS release from skeletal muscle mitochondria treated with disulfiram.\
(A) Auto-stimulation of O~2~^●-^/H~2~O~2~ release by DTT can be prevented by washing mitochondria. For experiments, mitochondria were not supplemented with substrate. Mitochondria were treated with DTT, incubated for 10 min, and then washed 0--3 times with basic medium. Spontaneous O~2~^●-^/H~2~O~2~ release was then recorded. (B) Mitochondria were treated with disulfiram (500 μM) for 20 min, washed once, and then treated with or without DTT (2 mM) for an additional 10 min. Mitochondria were then washed thrice and O~2~^●-^/H~2~O~2~ release was tracked using Amplex UltraRed. The final concentration of pyruvate, succinate, or palmitoyl-carnitine was 50 μM. For experiments with pyruvate, malate was also included in the reaction mixture at a final concentration of 50 μM. In palmitoyl-carnitine experiments, mitochondria were pre-incubated in basic medium containing 2 mM carnitine. n = 4, mean±SEM.](pone.0192801.g004){#pone.0192801.g004}

Disulfiram decreases mitochondrial respiration {#sec015}
----------------------------------------------

The results collected above indicate that disulfiram alters mitochondrial ROS release through S-glutathionylation. ROS release from mitochondria is highly dependent on the entry and exit of electrons from enzymes and respiratory complexes involved in respiration and ATP production. Therefore, it is possible that the disulfiram-induced decrease in ROS release is associated with a decrease in electron flow and delivery in the respiratory chain. To test this hypothesis, we examined the different states of respiration in mitochondria oxidizing pyruvate, succinate, or palmitoyl-carnitine. Supplementing mitochondria oxidizing pyruvate with ADP induced a robust increase in state 3 (phosphorylating) respiration indicating that membranes were intact and well coupled ([Fig 5A](#pone.0192801.g005){ref-type="fig"}). Treatment of mitochondria with 500 μM disulfiram induced a significant decrease in state 3 respiration. The almost complete abolishment of state 3 respiration by disulfiram induced a significant decrease in the respiratory control ratio (RCR), a proxy measure for ATP producing capacity ([Fig 5A](#pone.0192801.g005){ref-type="fig"}). Next, we tested if disulfiram would have a similar effect on mitochondria oxidizing succinate. Disulfiram induced significant decreases in proton leak dependent respiration (state 2 and state 4) and phosphorylating respiration ([Fig 5B](#pone.0192801.g005){ref-type="fig"}). Despite this negative effect, no differences in RCR were observed, an effect attributed to the increase in leaks associated with succinate metabolism. Similar observations were made with palmitoyl-carnitine. Disulfiram (500 μM) induced a sharp decrease in leak and phosphorylating respiration ([Fig 5C](#pone.0192801.g005){ref-type="fig"}). However, no effect on ATP forming potential was observed between control and disulfiram-treated mitochondria ([Fig 5C](#pone.0192801.g005){ref-type="fig"}).

![Disulfiram impedes mitochondrial respiration.\
Mitochondria were pre-incubated with disulfiram (100 μM) and the different states of respiration were measured. State 2 respiration was induced by the addition of pyruvate/malate (A), succinate (B), or palmitoyl-carnitine (C). The final concentration of pyruvate/malate, succinate, or palmitoyl-carnitine was 10 mM/2 mM, 5 mM, and 50 μM, respectively. State 3 (phosphorylating respiration) and state 4 (proton leak-dependent respiration) were induced by addition ADP (1 mM) and oligomycin (4 μg/mL) to the chamber. Antimycin A was then added to assess O~2~ consumption not associated with the respiratory chain. All respiration values were corrected for O~2~ consumption not associated with the electron transport chain. (D) Membrane potential determinations were conducted on mitochondria treated with disulfiram (100--500 μM) and TMRE (10 nM). The final concentration of pyruvate, succinate, or palmitoyl-carnitine was 50 μM. For experiments with pyruvate, malate was also included in the reaction mixture at a final concentration of 50 μM. In palmitoyl-carnitine expeirments, mitochondria were pre-incubated in basic medium containing 2 mM carnitine. \* corresponds to significance when compared to state 4 control. \# corresponds to significance when comparing control to disulfiram during state 3 or 4 respiration. n = 4, mean±SEM.](pone.0192801.g005){#pone.0192801.g005}

Next, we examined if the disulfiram induced changes in mitochondrial respiration corresponded to alterations in membrane potential. Mitochondria treated with disulfiram displayed a significant increase in membrane potential when pyruvate and malate served as substrates ([Fig 5D](#pone.0192801.g005){ref-type="fig"}). Stimulation of state 3 respiration resulted in a significant decrease in TMRE fluorescence ([Fig 5D](#pone.0192801.g005){ref-type="fig"}). Intriguingly, the induction of state 3 respiration in mitochondria treated with disulfiram did not result in any significant change in TMRE fluorescence. We confirmed these observations using succinate as a substrate ([Fig 5D](#pone.0192801.g005){ref-type="fig"}). It was found that disulfiram increased TMRE fluorescence in mitochondria oxidizing succinate. Inclusion of ADP resulted in a decrease in TMRE fluorescence in control mitochondria ([Fig 5D](#pone.0192801.g005){ref-type="fig"}). However, the addition of disulfiram inhibited the ADP-induced decrease in TMRE fluorescence. Overall, these results confirm our observation that disulfiram inhibits phosphorylating respiration.

Disulfiram induces the S-glutathionylation of complex I {#sec016}
-------------------------------------------------------

Next, we tested if disulfiram could S-glutathionylate complex I. Mitochondria were incubated in 500 μM disulfiram and then complex I was immunocaptured for western blot analysis. [Fig 6A](#pone.0192801.g006){ref-type="fig"} demonstrates that we successfully immunopurified complex I. Strong immunoreactive bands corresponding to complex I subunit NDUFB8 were detected in all samples probed with the OXPHOS antibody cocktail. The OXPHOS cocktail contains antibodies directed against select subunits for the five respiratory complexes. Subunits corresponding to complexes II-IV were not detected ([Fig 6A](#pone.0192801.g006){ref-type="fig"}). However, we did detect the ATP5A subunit for complex V. This would indicate that our immunoprecipitation isolated both complex I and complex V. It needs to be emphasized though that complex I does form supercomplexes with complex V and that it is one of the most abundant proteins in muscle mitochondria. To confirm the successful enrichment of complex I, we probed for NDUFS1 ([Fig 6A](#pone.0192801.g006){ref-type="fig"}). We only detected one immunoreactive band which corresponded to the molecular weight of NDUFS1 confirming the successful enrichment of complex I. Next, we probed our samples for the presence of protein-glutathione disulfide adducts (PSSG). As shown in [Fig 6B](#pone.0192801.g006){ref-type="fig"}, treatment with disulfiram led to a significant increase in the intensity of a band corresponding to the molecular weight of NDUFS1. In addition, several other immunoreactive bands were detected ([Fig 6B](#pone.0192801.g006){ref-type="fig"}). Overall, disulfiram treatment induced a significant increase in the total number of PSSG adducts. Samples were also electrophoresed with β-mercaptoethanol, a reducing agent that reverses PSSG adduct formation. Inclusion of β-mercaptoethanol abolished all immunoreactive bands indicating that the bands detected under nonreducing electrophoresis conditions corresponded to PSSG adducts ([Fig 6B](#pone.0192801.g006){ref-type="fig"}).

![Disulfiram S-glutathionylates several complex I subunits.\
Mitochondria treated with or without 500 μM disulfiram and then complex I was immunopurified. (A) Immunodetection of the presence of subunits corresponding to complexes I-V with OXPHOS antibody cocktail and NDUFS1 subunit for complex I. n = 3. (B) Immunodetection of PSSG adducts in immunopurified complex I. Samples were also electrophoresed under reducing conditions to confirm PSSG anti-serum specificity. Degree of overall protein S-glutathionylation for samples treated with or without disulfiram was quantified using Image J software. n = 4, mean±SEM.](pone.0192801.g006){#pone.0192801.g006}

Effect of disulfiram on pyruvate and carnitine uptake {#sec017}
-----------------------------------------------------

Disulfiram is not a site specific chemical catalyst for the S-glutathionylation of proteins. Solute anion carrier proteins in mitochondria have been shown to undergo S-glutathionylation which can inhibit transport activity \[[@pone.0192801.ref024]\]. Therefore, we reasoned that the inhibition of mitochondrial ROS release by disulfiram could be associated with the deactivation of substrate uptake. We chose to examine uptake by the carnitine/acyl-carnitine character (CAC) and pyruvate carrier since either substrate drives ROS release from different enzymes. As shown in [Fig 7A](#pone.0192801.g007){ref-type="fig"}, it was found that disulfiram did not alter the uptake of ^3^H-carnitine. Indeed, even at 500 μM disulfiram, ^3^H-carnitine uptake was not changed with respect to control mitochondria. Next, the uptake of ^14^C-pyruvate was tested. Intriguingly, we observed that 100 μM disulfiram induced a robust and significant decrease in ^14^C-pyruvate uptake (\~91% inhibition) ([Fig 7B](#pone.0192801.g007){ref-type="fig"}). In addition, similar observations were made at higher concentrations of disulfiram ([Fig 7B](#pone.0192801.g007){ref-type="fig"}). These results indicate that disulfiram inhibits palmitoyl-carnitine driven ROS release by S-glutathionylation mitochondrial enzymes like complex I. Inhibition of ROS release during pyruvate oxidation on the other hand is related to the deactivation of mitochondrial pyruvate carrier.

![Disulfiram inhibits pyruvate import but not carnitine uptake.\
(A) Mitochondria were incubated in ^3^H-carnitine (100 μM) and cold carnitine (100 μM) for 10 minutes. Mitochondria were then washed twice and the amount of tritiated-carnitine take up was measured. (B) Mitochondria were incubated in ^14^C-pyruvate (100 μM) and cold pyruvate (100 μM) for 10 minutes. Mitochondria were then washed twice and the amount of tritiated-carnitine take up was measured. n = 4, mean±SEM.](pone.0192801.g007){#pone.0192801.g007}

Discussion {#sec018}
==========

Protein S-glutathionylation reactions are integral for modulating mitochondrial function in response to changes in overall redox buffering capacity. Changes in the availability of reduced and oxidized glutathione serves a "*rheostat*" for mitochondria, S-glutathionylating proteins in response to changes in H~2~O~2~ and NADPH availability to control various functions \[[@pone.0192801.ref029],[@pone.0192801.ref030]\]. Protein S-glutathionylation occurs in response to increased ROS and glutathione pool oxidation which is subsequently reversed upon restoration of matrix GSH levels \[[@pone.0192801.ref031]\]. Modification of proteins by protein S-glutathionylation in response to high H~2~O~2~ has been shown to protect enzymes like KGDHC and complex I from irreversible oxidative deactivation \[[@pone.0192801.ref006],[@pone.0192801.ref032]\]. Restoration of mitochondrial GSH levels and a decrease in overall ROS levels results in protein deglutathionylation and enzyme reactivation. The S-glutathionylation of proteins in mitochondria has also been found to serve as a negative feedback loop for controlling ROS release. For instance, S-glutathionylation suppresses ROS release from KGDHC and PDHC, significant sources of O~2~^●-^/H~2~O~2~ in liver mitochondria \[[@pone.0192801.ref009]\]. The oxidative modification of complex I and II with glutathione also limits ROS release from either enzyme complex in cardiac mitochondria \[[@pone.0192801.ref006],[@pone.0192801.ref033]\]. Collectively, protein S-glutathionylation serves as an important ROS release regulator.

The present study reveals that ROS release from isolated skeletal muscle mitochondria can be altered by chemically induced protein S-glutathionylation. It was found that disulfiram limited ROS release from permeabilized mitochondria during the oxidation of Krebs cycle linked substrates (pyruvate and 2-oxoglutarate) and carbon sources that donate electrons directly to the ubiquinone pool (succinate and palmitoyl-carnitine). These findings are consistent with a previous study where it was shown that diamide and disulfiram induced a significant decrease in ROS release in permeabilized liver mitochondria oxidizing pyrurvate or 2-oxoglutarate \[[@pone.0192801.ref009]\]. However, to our knowledge this is the first time that the impact of protein S-glutathionylation on palmitoyl-carnitine driven ROS production and respiration has ever been examined *in vitro*. Here, it was also found that complex I is a major site for disulfiram-induced S-glutathionylation. Complex I can be subjected to reversible S-glutathionylation in response to changes in reduced glutathione availability, a reaction catalyzed by GRX2 \[[@pone.0192801.ref007]\]. S-glutathionylation targets include NDUFS1, NDUFV1, and ND3, subunits required for complex I activity \[[@pone.0192801.ref034]\]. Transient S-glutathionylation of NDUFS1 does decrease ROS release from mitochondria \[[@pone.0192801.ref006]\]. This effect was postulated to be associated with blockage of electron flow and inhibition of the reduction of FMN \[[@pone.0192801.ref006]\]. Here, we observed that complex I has several S-glutathionylation targets in skeletal muscle mitochondria including NDUFS1. It needs to be acknowledged that rat skeletal muscle mitochondria contain a number of important ROS release sites. KGDHC and PDHC can form \~8x and \~4x more ROS than complex I during the oxidation of Krebs cycle metabolites and complexes II and III also serve as important sites for O~2~^●-^/H~2~O~2~ release \[[@pone.0192801.ref027]\]. By contrast, complexes I and III and to a lesser extent II are high capacity sites during the oxidation of carbon sources that donate electrons directly to the ubiquinone pool \[[@pone.0192801.ref027]\]. Therefore, we cannot discount that disulfiram may be inhibiting ROS release from other producers in permeabilized muscle mitochondria, like PDHC or KGDHC. However, our results do indicate that inhibition of O~2~^●-^/H~2~O~2~ release from muscle mitochondria occurs, in part, due to the S-glutathionylation of complex I.

A previous study showed that CAC can be S-glutathionylated on Cys^136^ and Cys^155^ and that this modification was highly sensitive to the availability of reduced glutathione \[[@pone.0192801.ref024]\]. Moreover, the same study found that S-glutathionylation of recombinant CAC can be mediated by purified GRX1 \[[@pone.0192801.ref024]\]. Here, it was found that disulfiram did not inhibit carnitine uptake. This would indicate that inhibition of ROS release following treatment of intact mitochondria with disulfiram is associated with the S-glutathionylation of complex I and perhaps other O~2~^●-^/H~2~O~2~ emitting sites. Indeed, complex I has been found to be the main source of ROS release during palmitoyl-carnitine oxidation \[[@pone.0192801.ref035]\]. Reverse electron flow from the ubiquinone pool to complex II and forward transfer to complex III were also found to be important ROS release sites from muscle mitochondria oxidizing palmitate \[[@pone.0192801.ref035]\]. We made similar observations with succinate, which forms ROS by reverse electron flow to complex I when the membrane potential is high \[[@pone.0192801.ref036]\]. It should be noted that the S-glutathionylation of CAC was originally studied in recombinant protein reconstituted in liposomes \[[@pone.0192801.ref024]\]. By contrast, we assessed carnitine import by CAC in isolated skeletal muscle mitochondria treated with disulfiram, a highly effective S-glutathionylation agent. Overall, our results demonstrate that disulfiram-induced S-glutathionylation limits ROS release by blocking electron flow in the respiratory chain, potentially through the S-glutathionylation of complex I, a major source of O~2~^●-^/H~2~O~2~ during reverse electron flow from the ubiquinone pool.

In the present study, we made the observation that disulfiram strongly inhibited pyruvate import by intact muscle mitochondria. To our knowledge this is the first time it has been reported that pyruvate uptake may be governed by a redox switch. Therefore, inhibition of ROS release in intact mitochondria oxidizing pyruvate may be partly associated with the deactivation of mitochondrial pyruvate carrier. Several studies have found that members of the solute anion carrier superfamily can undergo protein S-glutathionylation. For instance, ADP/ATP transporter, also referred to as adenine nucleotide translocator (ANT), can be S-glutathionylated, which was shown to prevent mitochondrial permeability transition pore opening \[[@pone.0192801.ref037]\]. Other documented targets include members of the UCP protein family. S-glutathionylation of UCP2, which is more ubiquitously expressed, was found to regulate insulin release by altering mitochondrial ROS release in pancreatic β-cells and sensitize drug resistant promyelocytic leukemia cells to chemotherapy \[[@pone.0192801.ref038],[@pone.0192801.ref039]\]. Likewise, S-glutathionylation of UCP3 has been shown to regulate mitochondrial energy metabolism and inhibit proton leaks \[[@pone.0192801.ref017]\]. We made a similar observation in this study where it was found that disulfiram induced a significant decrease in proton leaks, particularly in mitochondria oxidizing succinate or palmitoyl-carnitine. UCP3 is S-glutathionylated on Cys^259^, which is found on the last loop region of the protein that makes contact with the matrix \[[@pone.0192801.ref017]\]. Recent work has shown that UCP1 in brown adipose tissue is also modulated by a cysteine switch (Cys^253^) located on its last loop region in the matrix \[[@pone.0192801.ref040]\]. Moreover, this cysteine on UCP1-3 is surrounded by basic amino acids making it more amenable for oxidative modification. Other solute anion carrier proteins, like ANT, also harbor an accessible cysteine in its last matrix loop region \[[@pone.0192801.ref041]\]. Intriguingly, mitochondrial pyruvate carrier also has a cysteine located on its last loop region surrounded by basic amino acids \[[@pone.0192801.ref042]\]. Although speculative at this point, this cysteine may represent the site for regulation of the mitochondrial pyruvate carrier by S-glutathionylation.

Conclusions {#sec019}
===========

It has been documented that protein S-glutathionylation modulates a number of mitochondrial functions including nutrient metabolism and ROS release \[[@pone.0192801.ref043]\]. Studies have found that this redox-sensitive modification can control O~2~^●-^/H~2~O~2~ production by PDHC, KGDHC, complex I and complex II in response to changes in H~2~O~2~ and NADPH availability in liver, lens, and heart mitochondria \[[@pone.0192801.ref006],[@pone.0192801.ref009],[@pone.0192801.ref033]\]. Here, we made similar observations with muscle mitochondria. The observation that protein S-glutathionylation lowers ROS release by mitochondria, in part by modifying complex I and decreasing solute uptake, indicates that it may be integral for controlling O~2~^●-^/H~2~O~2~ signaling in muscle. Indeed, mitochondrial O~2~^●-^/H~2~O~2~ emission is required for muscle adaptation and growth following exercise. Protein S-glutathionylation may be required to desensitize the ROS signal following muscle contraction. Ongoing studies by our group are currently invested in deciphering if mitochondrial protein S-glutathionylation reactions are required for adaptation to exercise through control of ROS production.
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